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The spliceosome is amega-Dalton ribonucleoprotein
(RNP) assembly that processes primary RNA tran-
scripts, producing functional mRNA. The electron
microscopy structures of the native spliceosome
and of several spliceosomal subcomplexes are avail-
able; however, the spatial arrangement of the latter
within the native spliceosome is not known. We
designed a computational procedure to efficiently
fit thousands of conformers into the spliceosome
envelope. Despite the low resolution limitations,
we obtained only one model that complies with the
available biochemical data. Our model localizes
the five small nuclear RNPs (snRNPs) mostly within
the large subunit of the native spliceosome, requiring
only minor conformation changes. The remaining
free volume presumably accommodates additional
spliceosomal components. The constituents of the
active core of the spliceosome are juxtaposed,
forming a continuous surface deep within the large
spliceosomal cavity, which provides a sheltered
environment for the splicing reaction.
INTRODUCTION
Most nuclear primary transcripts of RNA polymerase II are
subject to a set of chemical transformations that make them
ready for transport to the cytoplasm as functional mRNAs
(Brow, 2002; Burge et al., 1999; Staley and Guthrie, 1998;
Tycowski et al., 2006;Will and Luhrmann, 2011). These RNA pro-
cessing steps include 50-end capping, 30-end polyadenylation,
editing and splicing, all of which appear to occur within the
supraspliceosome—a nuclear mega-Dalton ribonucleoprotein
splicing-machine (Sperling et al., 2008). The major components
of the spliceosome are five small nuclear ribonucleoprotein
complexes (U1, U2, U4, U5, and U6 snRNPs) all of which are
essential for functional spliceosomes (Newman and Nagai,
2010; Tycowski et al., 2006). Each of the spliceosomal U snRNPsStructure 20, 10is composed of the respective U-rich snRNA, the seven Sm
proteins (except U6 snRNP, which has the LSm proteins) and
a set of specific proteins.
The spliceosome is a highly dynamic complex, thus changes
in the networks of RNA-RNA, RNA-protein and protein-protein
interactions accompany its assembly and catalytic activity. Of
note are changes in the inter-snRNP base-pairing network,
such as the disruption of U4/U6 pairing and formation of
U2/U6 pairing, and changes in base-pairing interactions with
the pre-mRNA, e.g., replacement of the pairing of U1 snRNA
with the 50 end of the intron by pairing with U6 snRNA. These
changes in the interaction networks are likely to be accompanied
by conformational changes; however the remodeling may be
accounted for by local structural adjustments and does not
necessarily require large-scale modulations in the overall shape
and composition of the spliceosome (Brow, 2002; Burge et al.,
1999; Staley and Guthrie, 1998; Tycowski et al., 2006).
Because of the huge mass, complexity and dynamic nature of
the splicing machine, cryo-electron microscopy (cryo-EM) has
been proven as the method of choice for the three-dimensional
(3D) structural analyses of the spliceosomal U snRNPs and the
complexes they form during the in vitro spliceosome assembly,
as well as for determining the structure of the fully assembled
native spliceosome (reviewed in Sperling et al., 2008; Stark
and Lu¨hrmann, 2006; Will and Lu¨hrmann, 2011). The 3D struc-
ture of U1 snRNP was determined by cryo-EM single particle
technique at 10 A˚ resolution (Stark et al., 2001). Further, X-ray
crystallographic analysis of the functional core of U1 snRNP,
combined with site specific labeling of individual proteins,
produced a structure at 5.5 A˚ resolution (Pomeranz Krummel
et al., 2009). The structure of splicing factor 3b (SF3b), a group
of seven proteins within the U2 snRNP, was determined by
cryo-EM single particle techniques at 10 A˚ resolution (Golas
et al., 2003). U2 snRNP and U11/U12 di-snRNP, which is part
of the minor spliceosome, share the seven SF3b proteins. The
Cryo-EM structure of U11/U12 at 12 A˚ resolution revealed
that SF3b has to undergomajor conformational changes in order
to be accommodate within U11/U12 di-snRNP (Golas et al.,
2005). The U5 snRNP is the largest component of the
spliceosome. Its structural analysis at 26–32 A˚ resolution, per-
formed by cryo-negative staining, revealed a triangular shape
(Sander et al., 2006). A similar overall shape was observed for97–1106, June 6, 2012 ª2012 Elsevier Ltd All rights reserved 1097
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Positioning snRNPs within the Native SpliceosomeU4/U6.U5 tri-snRNP, which contains the respective snRNAs and
29 distinct proteins. Its structure was determined by cryo-EM at
19–24 A˚ resolution (Sander et al., 2006). Structural analysis of the
U4/U6 di-snRNP at 40 A˚ resolution, showed two distinct glob-
ular domains connected by a bridge (Sander et al., 2006). The
structure of U4 snRNP core, which consists of a heptameric
Sm ring and the Sm site heptad (AUUUUUG), was solved by
X-ray crystallography at 3.6 A˚ resolution (Leung et al., 2011).
The 3D structures of a number of complexes, identified as
intermediates in the stepwise assembly of the spliceosome
in vitro, have also been studied by cryo-EM (Staley and Guthrie,
1998; Will and Luhrmann, 2011). The structure of the BDU1
complex was resolved at 40 A˚ resolution (Boehringer et al.,
2004), and that of complex C at 30 A˚ resolution (Jurica et al.,
2004). The structure of the yeast complex C was resolved by
cryo-EM single particle techniques at a resolution of 29 A˚ (Ohi
et al., 2007). Analysis of negatively stained spliceosomal A
complex at 40–50 A˚ resolution was also performed (Behzadnia
et al., 2007).
When isolated from nuclei of mammalian cells, RNA pol II
transcripts are found assembled in large 21 MDa RNP
complexes—the supraspliceosome. The entire repertoire of
nuclear pre-mRNAs, independent of their length or number of
introns, appears to be individually assembled in supraspliceo-
somes (reviewed in Sperling et al., 2008). Supraspliceosomes
harbor all five spliceosomal snRNPs, as well as non-snRNP
proteins, including regulatory splicing factors such as hnRNP
G (Heinrich et al., 2009), and all phosphorylated Ser/Arg-rich-
proteins (Yitzhaki et al., 1996), which are essential for splicing
and splicing regulation. Supraspliceosomes also harbor the
editing enzymes ADAR1 and ADAR2 (Raitskin et al., 2001), cap
binding proteins, and components of the 30-end processing
activity (Raitskin et al., 2002).
Structural studies revealed that the supraspliceosome is
composed of four substructures that are held together by the
pre-mRNA (Azubel et al., 2004, 2006; Cohen-Krausz et al.,
2007; Medalia et al., 2002; Mu¨ller et al., 1998; Sperling et al.,
1997). Specific cleavage of the pre-mRNA, while keeping the U
snRNA components of the supraspliceosome intact, enabled
the isolation and purification of the monomeric subcomplexes
of the supraspliceosome. These subcomplexes resemble in
several parameters the spliceosomes assembled in vitro and
were therefore termed native spliceosomes (Azubel et al.,
2004, 2006). Structural studies of the native spliceosome by
cryo-EM single particle technique at 20 A˚ resolution (Azubel
et al., 2004) revealed a globular particle made up of two distinct
subunits, with the longest dimension of 28 nm. A tunnel is
observed in between the two subunits, which is large enough
to allow the pre-mRNA to pass through. The other side of the
native spliceosome exposes a large cavity that can transiently
store the pre-mRNA. It was proposed that the large subunit
accommodates the five spliceosomal snRNPs, as the high
density regions were confined to this subunit (Azubel et al.,
2004).
The size, complexity, and dynamic nature of the spliceosome
hamper structural studies, and currently the location of the
spliceosomal components within the native spliceosome is not
known. We therefore used computational methods to fit the
available structures of spliceosomal subcomplexes into the1098 Structure 20, 1097–1106, June 6, 2012 ª2012 Elsevier Ltd All rienvelope of the native spliceosome. Rigid body matching with
our previously described FitEM2EM tools (Frankenstein et al.,
2008) did not produce acceptable solutions, therefore a new
procedure was devised that allowed for conformational flexi-
bility. Gross structural changes were represented by ensembles
of normal modes analysis (NMA) conformers (Tama et al., 2002;
Tirion, 1996). NMA identifies rigid domains and provides the
trajectories of the normal modes; the low frequency trajectories
describe the most facile deformations of the structure, which
often follow functionally important deformations (Bahar and
Rader, 2005; Chaco´n et al., 2003). Thousands of conformers
were tested but only one model complied with the available
biochemical data, a remarkable result in view of the low resolu-
tion of the structures. Our model shows that the five spliceoso-
mal snRNPs can be simultaneously accommodated within the
native spliceosome—mostly within its large subunit—leaving
space for the U2-SF3a subcomplex whose structure is not avail-
able, and for other spliceosomal components. The free volume
also grants tolerance toward local conformation changes, while
keeping the integrity of the spliceosome. Moreover, the compo-
nents proposed to be part of the catalytic core of the functional
spliceosome form a continuous surface in the depth of the large
spliceosomal cavity, which provides a sheltered environment for
the enzymatic reaction.
RESULTS
A model depicting the arrangement of spliceosomal snRNPs
within the native spliceosome was constructed by fitting avail-
able EM structures of spliceosomal subcomplexes into the
envelope of the native spliceosome. The model was constructed
in steps; hence the larger subcomplexes, which would fill up
most of the volume of the native spliceosome, were matched
first, leaving a smaller search volume for the smaller subcom-
plexes. An efficient ‘‘conformer selection’’ procedure was
devised to fit an ensemble of NMA conformers of a given particle
into a larger entity that contains it, as described in Experimental
Procedures. Data regarding the subcomplexes used in this study
are given in Table S1 available online.
Fitting U5 snRNP into the U4/U6.U5 tri-snRNP: A Test
of the ‘‘Conformer Selection’’ Procedure
The experimental EM maps of U4/U6.U5 and U5 snRNPs
(Sander et al., 2006) were used to test the conformer selection
scheme. U4/U6.U5 tri-snRNP consists of a globular ‘‘head’’
domain attached to a larger ‘‘body’’ domain. U5 snRNP too
consists of head and body domains, separated by a cleft.
Initially, the whole U5 snRNP was matched into U4/U6.U5
tri-snRNP, using FitEM2EMIN (Frankenstein et al., 2008). This
procedure incorporates thickening and smoothing of the
surfaces of the matched objects, controlled by the parameter
w, which depends on and can be calculated from the resolution
of the EMmaps. Matching of U5 into U4/U6.U5 tri-snRNP withw
set to 2.4, as dictated by the resolutions of the two EM maps,
produced negative scores for all tested poses (Table 1). This
result persisted when w was gradually increased to 2.7, yet the
scores increased consistently suggesting that a small modifica-
tion of the overall shape of U5 snRNP may improve the fit into
U4/U6.U5 tri-snRNP.ghts reserved
Table 1. Matching Spliceosomal Components into the Larger
Entities that Contain Them
Spliceosomal Components
(Small and Large) wa Top Score
Number of Poses
with Positive
Scores
U5 and U4/U6.U5 2.4 6,847 0
2.5 4,415
2.6 2,459
2.7 85
U5 body and U4/U6.U5 2.4 5,147 409
U4/U6.U5 and native
spliceosome
2.6 3,869 0
2.7 2,669
2.8 1,581
2.9 372
U4/U6.U5 body and native
spliceosome
2.6 4,022 124
2.7 4,326 164
2.8 4,742 236
2.9 5,063 344
BDU1 (U2.[U4/U6.U5])
and native spliceosome
1.9 58,605 0
2.0 56,093
2.1 53,101
2.2 50,365
BDU1 (U2.[U4/U6.U5])
body and native
spliceosome
1.9 13,208 0
2.0 11,704
2.1 10,392
2.2 8,856
Human C complex
(U2/U6.U5) and native
spliceosome
2.2 5,699 0
2.3 3,980
2.4 2,188
2.5 1,011
Yeast C complex
(U2/U6.U5)
and native spliceosome
2.3 54,076 0
2.4 49,628
2.5 44,491
2.6 39,835
A complex (U1/U2) and
spliceosomeD[U4.U6/U5]
1.9 39,503 0
2.0 35,103
2.1 30,925
2.2 26,298
SF3b and spliceosomeD
[U4.U6/U5]
2.9 452 1
3.0 1,604 4
3.1 2,484 8
3.2 3,028 25
U1 and spliceosomeDSF3b.
[U4.U6/U5]
2.8 3,574 16,068
2,662b 423b
Weighted matching: U1
and spliceosomeDSF3b.
[U4.U6/U5]
2.8 3,976 16,270
3,784b 2b
See also Table S1.
aThe w predicted from the EM maps resolution is indicated in bold.
bScore and rank of the best pose that complies with experimental data
(see text).
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Structure 20, 10The conformational flexibility of U5 snRNPwas explored using
NMA. Snapshots along the trajectories depicted by the four
lowest-frequency normal modes (the six rigid body modes
were excluded) and their bimodal combinations were collected.
This produced 560 conformers of which 181 had no significant
clash between the body and head domains and onlyminor shape
distortions within the domains. The deformation along mode 1
(Figure 1A) generally resembled the experimentally observed
flexibility of U5 snRNP (Sander et al., 2006). U5 snRNP was
then divided into head and body domains. Matching of the larger
U5 body domain into U4/U6.U5 tri-snRNP produced 409 poses
with positive scores (Table 1). The 242 matching poses with
score exceeding the mean score + 0.5s (868 score units) were
used in the next step. Thus, the body domain of each of the
181 U5 conformers was superposed on each of the 242 poses
of the unperturbed U5 body within U4/U6.U5 tri-snRNP,
and each of the 181 3 242 configurations was evaluated with
FitEM2EMIN, determining the best translation and the matching
score. The configurations with matching scores exceeding the
threshold set for the U5 body fitting were optimized and their
clustering produced four groups (Table 2).
U5 snRNP in the highest scoring configuration fits well into the
U4/U6.U5 tri-snRNP envelope (Figure 1B, left). The body domain
of U5 is located within the body domain of U4/U6.U5 in all four
groups but only for the top-ranking group the head of U5 fits
into the head of U4/U6.U5. Notably, a similar position of U5
snRNP within U4/U6.U5 tri-snRNP was obtained in the rigid-
body matching of the whole U5 snRNP; it was ranked 3 and
scored 1610. The improved match of the best configuration
(score 3776) was achieved by a minor modification of the shape
of U5 snRNP in which the head rotates with respect to the body
(Figure 1C, left). Thus, U5 snRNP is deformed along mode 2 with
a small adjustment along mode 3 suggesting that the assembly
of U5 snRNP with U4/U6 di-snRNP to form the tri-snRNP does
not utilize the experimentally observed deformation for ‘‘free’’
U5 snRNP.
The conformer-selection procedure successfully determined
the position and the conformation of U5 snRNP within U4/
U6.U5 tri-snRNP. The model is consistent with the previously
proposed positioning of U5 snRNP within the tri-snRNP (Sander
et al., 2006). The remaining density depicts an elongated particle
(Figures 1B and 1D, left) that generally fits the shape and volume
of the unbound U4/U6 di-snRNP (Sander et al., 2006).
Applying theConformer Selection Procedure to Position
U4/U6.U5 tri-snRNP within the Native Spliceosome
We first attempted to match the large spliceosomal subcom-
plexes into the native spliceosome because their large volumes
strongly restrict the number of possible matches. This included
the U4/U6.U5 tri-snRNP, the in vitro assembled human
C-complex U5.U2/U6, the yeast C-complex, and the in vitro
assembled BDU1 (U2.[U4/U6.U5]) (Table S1). Matching any of
these particles and even the BDU1 body domain into the native
spliceosome produced negative scores for all tested poses
(Table 1). Significantly less negative scores were obtained for
the U4/U6.U5 tri-snRNP and the human C-complex when
w was increased by 0.3 units, raising the possibility that small
shape modifications would improve the fit. However, the use
of NMA to estimate the shape deformations of the human97–1106, June 6, 2012 ª2012 Elsevier Ltd All rights reserved 1099
Figure 1. Matching Ensembles of NMA Conformers of Spliceosomal Subcomplexes into Larger Entities that Contain Them
Only normal modes that contribute to the best matching conformers are shown. The images are rotated to show the largest deformation.
(A) Normal modes 1, 2, 3, 5, and 7 for U5 snRNP (the numbering excludes the six rigid body motion modes), that shape the conformers that match best within the
free and ‘‘bound’’ U4/U6.U5 tri-snRNP. The unperturbed U5 snRNP is shown in blue. The yellow and green models depict the largest acceptable deformations
(see Experimental Procedures) in opposite directions.
(B) The highest scoring match of U5 snRNP (gold body and brown head) within the unperturbed, ‘‘free’’ U4/U6.U5 tri-snRNP (blue; left image) and the ‘‘bound’’
U4/U6.U5 tri-snRNP (pink; right image). U4/U6.U5 tri-snRNP was made transparent in order to show the location of U5 snRNP. Note the empty blue or pink
volume within the U4/U6.U5 tri-snRNP, which is attributed to the U4/U6 di-snRNP.
(C) Left: Comparison of the unperturbed U5 snRNP (transparent; blue with dark blue head) with the conformer that fits best within the free U4/U6.U5 tri-snRNP
(gold with brown head). Right: Similar comparison for the conformer that fits best within the ‘‘bound’’ U4/U6.U5 tri-snRNP. The structures were rotated to show
the largest difference.
(D) The U4/U6 di-snRNPdensity obtained by subtracting the density attributed to U5 snRNP from the density of the free or ‘‘bound’’ U4/U6.U5 tri-snRNP (blue and
pink, respectively).
(E) Normal modes 1 through 6 for U4/U6.U5 tri-snRNP; coloring as in A.
(F) Two views comparing the unperturbed U4/U6.U5 tri-snRNP (transparent; dark blue head and blue body) with the best matching conformer of U4/U6.U5 tri-
snRNP within the native spliceosome (dark red head and pink body).
(G) Two views comparing the unperturbed SF3b complex (transparent; blue) with the conformer that fits best into native spliceosomeD[U4/U6.U5] (green). These
images are not to scale with the other images.
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Positioning snRNPs within the Native SpliceosomeC-complex was hindered by the low resolution (30 A˚) of this
structure (Tama et al., 2002).
The ensemble of NMA conformers of U4/U6.U5 tri-snRNP
along the 8 lowest frequency normal modes trajectories and their
bimodal combinations included 2311 conformations. The defor-
mations depicted by modes 1, 3, and 5 (Figure 1E) show rotation
of the head domain away from the body and thus they generally
resemble the low-resolution deformation observed for U4/U6.U51100 Structure 20, 1097–1106, June 6, 2012 ª2012 Elsevier Ltd All ritri-snRNP (Sander et al., 2006). Next, U4/U6.U5 tri-snRNP was
divided into head and body domains and the larger body domain
was fitted into the native spliceosome, producing 205 matches
with scores above the mean score + 0.5s (1185 score units).
Superposition of the body domain in each of the U4/U6.U5
tri-snRNP conformers on each of its body poses within the native
spliceosome produced 2311 3 205 configurations that were
re-evaluated by FitEM2EMIN. The score exceeded zero for 63ghts reserved
Table 2. Matching NMA Conformers
Conformer Information
Body Domain
Pose
Mode A
(Amplitude)a
Mode B
(Amplitude)a
Matching
Scoreb Rank Score
Conformers of U5 snRNP within U4/U6.U5 tri-snRNP
2 (0.62) 3 (+0.12) 3,776 67 2,660
2 (0.62) 3 (+0.41) 3,410
2 (1.00) 1 (0.13) 2,561
2 (0.62) 4 (+1.00) 3,479 1 5,147
2 (0.23) 4 (+0.29) 2,628
2 (0.62) 4 (+0.29) 2,476
1 (+0.58) 2 (0.23) 2,318 183 1,325
1 (+0.58) — 1,043
2 (0.23) 1 (+0.17) 2,054 1 5,147
2 (0.23) 3 (+0.12) 1,428
1 (+0.58) 4 (+0.29) 1,158 183 1,325
Conformers of U4/U6.U5 tri-snRNP within the native spliceosomec
6 (1.00) 3 (0.57) 3,193 193 1,313
5 (0.57) 3,143
3 (0.35) 3,119
5 (0.35) 3,081
Conformers of U5 snRNP within ‘‘bound’’ U4.U6/U5 tri-snRNP
5 (1.00) 7 (0.38) 5,465 67 2,660
3 (+0.41) 3,398
Conformers of U2-SF3b within spliceosomeD[U4/U6.U5]d
1 (+0.13) 3 (+0.13) 4,270 1 3,674
4 (0.25) 3 (0.15) 2,611 9 1,017
aThe normal modes numbering excludes the six rigid body modes. The
amplitude is given as a fraction of the maximal amplitude determined
by the number of clashes and level of distortions (see Experimental
Procedures). The direction of the perturbation from the starting geometry
is given by + or .
bw was set to the calculated value + 0.3.
cThe cluster includes 63 configurations. We listed the four configurations
with scores exceeding 1,185, the limit set for the U4/U6.U5 tri-snRNP
body matching.
dOnly the two configurations that comply with experimental contact data
(see text) are listed.
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Positioning snRNPs within the Native Spliceosomeconfigurations, which formed a single cluster. All 63 configura-
tions used the same starting pose of the U4/U6.U5 tri-snRNP
body within the native spliceosome; the highest scoring ones
were deformed along mode 6 with adjustments along mode 3
or 5 (Table 2).
The U4/U6.U5 tri-snRNP configuration that fitted best within
the native spliceosome was only slightly deformed compared
to the unperturbed particle, showing small rotation of the head
toward the body andminor deformations within the body domain
(Figure 1F). A very similar position was obtained in the matching
scan for the whole U4/U6.U5 tri-snRNP, where it was ranked 62
and scored4951. Theminor shapemodifications shown in Fig-
ure 1F facilitated the better match, which scored 3193.
The conformer selection procedure was also used to
match U5 snRNP into the fitted U4/U6.U5 tri-snRNP (‘‘bound’’Structure 20, 10U4/U6.U5). The 8 lowest frequency normal modes and their
bimodal combinations produced 593 structurally acceptable
conformers of U5 snRNP. These conformers were superposed
on the 242 rigid body poses of the U5 body within the ‘‘free’’
U4/U6.U5 (the body domains of the free and bound U4/U6.U5
tri-snRNPs are very similar). The U5 snRNP configurations that
matched well into the bound U4/U6.U5 were deformed along
mode 5 with minor adjustment along mode 3 or 7 (Table 2) and
formed a single cluster. The score of the best configuration
was significantly higher than the score of the best match within
the free U4/U6.U5 tri-snRNP, 5465 versus 3776, possibly
because only four normal modes were considered in the afore-
mentioned conformer selection test.
Figure 2A shows several views of the native spliceosome
(Azubel et al., 2004). The predicted position of the U4/U6.U5
tri-snRNP within the native spliceosome is shown in Figure 2B,
in which the tri-snRNP is colored by domains, and in Figure 2C,
in which functional regions of the tri-snRNP are indicated. While
the U5 head domain and the U4/U6 units are located in the large
subunit of the spliceosome, adjusted to the outer surface, the U5
body domain penetrates into the small subunit and adjusts to the
surface of the large cavity. Combining the predicted positions of
U4/U6.U5 tri-snRNP within the native spliceosome and of U5
snRNPwithin the boundU4/U6.U5, with the previously proposed
position of U5 snRNA loop I (Sander et al., 2006), we find that this
loop is located at the surface of the deepest pocket of the native
spliceosome cavity (Figure 2C). Since loop I of the U5 snRNA
aligns the exons to be spliced (McConnell and Steitz, 2001), its
location marks the site of the functional core of the spliceosome.
Positioning the U2-SF3b Subcomplex within the Native
Spliceosome
The remaining volume of the native spliceosome, represented
by the difference map between the native spliceosome and
the bound U4/U6.U5 tri-snRNP (spliceosomeD[U4/U6.U5]), is
expected toaccommodate theU1andU2snRNPsandadditional
splicing factors and RNA processing components (Sperling
et al., 2008). EM structures are available for the very small U1
snRNP, the significantly larger SF3b subcomplex of U2 snRNP
and the A-complex, harboring U1/U2 di-snRNP and additional
proteins (Table S1). Matching the low resolution (40–50 A˚) struc-
ture of the A complex into the spliceosomeD[U4/U6.U5] density,
employing several settings of w, produced large negative
scores for all tested poses (Table 1). Hence, the A complex could
not be fitted into the native spliceosome together with the
U4/U6.U5 tri-snRNP.
The SF3b subcomplex matched well into the spliceosomeD
[U4/U6.U5] density. The 25 matches with positive scores were
optimized and clustered, producing 10 groups. In every case
SF3b was located within the large subunit of the native spliceo-
some in approximately the same location; however, in only two
groups (ranked 1 and 9) the orientation complied with the
previously described contact information from human and yeast
studies, according to which the 50 end of the U2 snRNA, near
protein SF3b49 (Dybkov et al., 2006), should point toward the
U4/U6.U5 tri-snRNP (Igel et al., 1998; Madhani and Guthrie,
1992; Sun and Manley, 1995). The structure of SF3b is of
relatively high resolution and quite rigid (Golas et al., 2003;
Kra¨mer et al., 1999) yet some structural changes were detected97–1106, June 6, 2012 ª2012 Elsevier Ltd All rights reserved 1101
Figure 2. Stepwise Modeling of the Arrangement of Spliceosomal Subcomplexes within the Native Spliceosome
The indicated rotations are of90 with respect to the leftmost view. The five views are, from left to right: Side view that depicts the large and small subunits and
the large spliceosomal cavity, view into the cavity, ‘‘back view’’ of the spliceosome, ‘‘top view’’ at the large subunit and ‘‘bottom view’’ at the small subunit. The
centroid of the spliceosome is indicated by the cyan sphere.
(A) The native spliceosome.
(B) Positioning of U4/U6.U5 tri-snRNPwithin the native spliceosome. The native spliceosome is transparent. The U4/U6.U5 tri-snRNP is colored by domains, dark
red head and pink body.
(C) Positioning of U4/U6.U5 tri-snRNP and U2-SF3b within the native spliceosome. The U4/U6.U5 tri-snRNP is colored by functional regions: The U5 snRNP is
shown in pink with the region attributed to loop I (Sander et al., 2006) emphasized in black; the density attributed to U4/U6 di-snRNP is shown in beige with the
region attributed to the 30end of the U4-snRNA emphasized in orange (Ha¨cker et al., 2008). SF3b is shown in green with the region attributed to SF3b49 indicated
in dark green.
(D) Positioning the five U snRNPs within the native spliceosome. The coloring of U4/U6.U5 tri-snRNP and SF3b is as in C. U1 snRNP is shown in blue with the
region that is found near U2 (Do¨nmez et al., 2007), including the U1 snRNA 50-end, indicated in darker blue.
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Positioning snRNPs within the Native Spliceosomein raw 2D images (Kra¨mer et al., 1999). We therefore checked
if introducing conformational flexibility would improve the match
to the spliceosomeD[U4/U6.U5] density. The 4 lowest frequency
normal modes, in which the central body of the particle was not
deformed, and their bimodal combinations were used to
produce an ensemble of 1938 conformers. Each of these
conformers was superposed on either of the two biologically
relevant rigid body matches and re-scored. The best matching
configurations were only slightly deformed along modes 3 and1102 Structure 20, 1097–1106, June 6, 2012 ª2012 Elsevier Ltd All ri1 or 3 and 4 (Table 2 and Figure 1G). Final optimization of
the positions of the emerging U2-SF3b.[U4/U6.U5] complexes
within the native spliceosome produced scores of 5022 and
5505, for the initial SF3b rigid-body poses 1 and 9, respectively.
A high scoring match of SF3b within the spliceosomeD[U4/
U6.U5] density does not ascertain good shape complemen-
tarity with U4/U6.U5 tri-snRNP; it may reflect good shape
complementarity in other regions. Therefore the surface
complementarity between SF3b and the bound U4/U6.U5ghts reserved
Structure
Positioning snRNPs within the Native Spliceosomeconformer was tested by docking the two structures with
FitEM2EMOUT (w was set to 3.0), starting from the matching
models 1 and 9. The docking test clearly distinguished between
the two interfaces: while the surface complementarity for model
1 was weak and SF3b shifted away from this starting position,
the surface complementarity for model 9 was good with a score
of 1980. Notably, refinement of the position of model 9 complex
within the native spliceosome produced a score of 5505, larger
than the score for U4/U6.U5 tri-snRNP alone, indicating that
SF3b contributes to the formation of the surface of the
spliceosome. According to this model SF3b is located within
the large subunit, adjusted to the surface of the main cavity
(Figure 2C), and protein SF3b49 (dark green), which resides
next to the 50 end of U2 snRNA, makes contact with the upper
portion of U4/U6.
Positioning theU1 snRNPwithin theNative Spliceosome
The EM structure of the complete U1 snRNP (Stark et al., 2001)
reveals a ring-shaped main body with several protruding density
elements. Although a higher resolution crystal structure of U1
snRNP is available (Pomeranz Krummel et al., 2009), we chose
to use the EM structure in this study, because the crystal struc-
ture lacks the apical region of stem-loop 2 of the U1 snRNA and
the U1 A protein, which form part of the U1 surface that is near
the U2 snRNP (Do¨nmez et al., 2007).
Matching U1 snRNP into the difference map obtained by
subtracting the model of U2-SF3b.[U4/U6.U5] from the native
spliceosome (spliceosomeDU2-SF3b.[U4/U6.U5]) produced
over 16000 matches with positive scores (Table 1). This result
is expected in view of the small size of U1 snRNP and the
numerous other components that are still missing. Therefore,
only in this case, we used a weighted matching scan, which is
biased according to external data (Ben-Zeev and Eisenstein,
2003). Thus, contacts via surface regions of U2-SF3b.[U4/
U6.U5] implicated in U1 snRNP binding were rewarded. This
included the surface region attributed to the U5 snRNA loop I
and the region attributed to SF3b49, which were shown to be
near the 50 end of the U1 snRNA (Ast and Weiner, 1997; Do¨nmez
et al., 2007; Malca et al., 2003) (indicated in Figure 2D). Similar
contacts were also detected in yeast (McGrail and O’Keefe,
2008), and in view of the sequence conservation with humans
(Jurica and Moore, 2003) they provide additional substantiation
of the contact data. The weighted matching scan produced
only one group of 3matches that compliedwith the contact infor-
mation; the best match was ranked 2. The same match was
detected in the non-weighted scan ranking 423; hence the
weighting only improved the ranking of the good match, facili-
tating its detection. The model was further examined by evalu-
ating the surface complementarity between U1 snRNP and the
U2-SF3b.[U4/U6.U5] complex using the FitEM2EMOUT tool. A
good dockingmodel was obtained, ranking 110 with score 2508.
The matched U1 snRNP is located in the large subunit of the
native spliceosome, adjusted to the surface of the large cavity.
The face that exposes the 50 end of the U1 snRNA is located
near SF3b49, U5 snRNA loop I, and the U4/U6 di-snRNP. Impor-
tantly, a region of unaccounted for density is found within the
large subunit, near the SF3b complex, which can be attributed
to U2DSF3b; it can also represent large conformational changes
in the structure of SF3b.Structure 20, 10DISCUSSION
The currently available structural data pertaining the RNA
splicingmachine include X-ray structures of a number of spliceo-
somal proteins and small subcomplexes, and EM structures of
the native spliceosome, spliceosomal snRNPs, and of several
in vitro assembled spliceosomal subcomplexes (reviewed in
Newman and Nagai, 2010; Sperling et al., 2008; Will and
Luhrmann, 2011). The 3D structures of U4/U6.U5 tri-snRNP,
U2-SF3b and U1 snRNP, resolved at resolutions of 10–24 A˚,
combined with biochemical data regarding the interactions
between them were used in this study to model the spatial
arrangement of the snRNPs within the native spliceosome. The
stepwise construction of our model allowed for gross deforma-
tions of the subcomplexes and involved testing of almost
a million of different configurations. Despite the low resolutions
of the structures used, we found that only one model complies
with the biochemical data. Moreover, only minor shape modifi-
cations were necessary in order to position all five spliceosomal
snRNPs within the native spliceosome. This result can be attrib-
uted to restrictions imposed by the shape of the native spliceo-
some, e.g., the occurrence of a large inter-subunit cavity.
In our model, the five spliceosomal snRNPsmostly occupy the
large subunit of the native spliceosome; only the body domain of
U5 snRNP penetrates into the small subunit. This result is in
accordance with the observation that the highest-density region,
attributed to RNA, is located in the large subunit (Azubel et al.,
2004). Yet, density data were not considered in our matching
procedure, which relies only on the shapes of the objects.
The estimatedmass of the five spliceosomal snRNPs amounts
to 70% of the measured mass (4.8 MDa) of the native spliceo-
some (Mu¨ller et al., 1998). In our model, the collective volume of
the U4/U6.U5 tri-snRNP, U2-SF3b, and U1 snRNP is 45% of
the volume of the native spliceosome. The accuracy of this esti-
mate is limited by the significant differences in the resolutions
of the structures. Nevertheless, it appears that substantial
percentage of the volume of the native spliceosome is free.
Some of this free volume accommodates the U2-SF3a and addi-
tional spliceosomal components. Yet, the existence of unas-
signed density regions near the snRNPs suggests that structural
modulations of the snRNPs can be tolerated while keeping the
integrity of the spliceosome assembly.
U5 loop I, which aligns the exons to be spliced and thus is part
of the catalytic core of the spliceosome, is exposed at the
surface of the deepest andmost sheltered pocketwithin the large
cavity of the native spliceosome. It is located near the centroid of
the spliceosome (indicated in Figure 2) aswas found common for
the active sites of enzymes (Ben-Shimon and Eisenstein, 2005).
Moreover, the small U1 snRNP is positioned near loop I of U5
snRNA, further supporting the notion that the large cavity is the
pre-mRNAbinding andprocessing site. In the deeppocketwithin
the cavity the catalytic process is sheltered from the surrounds. In
the supraspliceosome the openings of the large cavities of the
native spliceosomes are exposed and the inter-particle contacts
aremaintained by the small subunits (Cohen-Krausz et al., 2007),
thus facilitating access of the pre-mRNA into the cavity and
allowing structural remodeling within the large subunits.
Although we used NMA to represent the structural flexibility
for U5 snRNP, U4/U6.U5 tri-snRNP and SF3b, our final model97–1106, June 6, 2012 ª2012 Elsevier Ltd All rights reserved 1103
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Positioning snRNPs within the Native Spliceosomeis static, depicting a single arrangement of the spliceosomal
snRNPs, as would an X-ray structure do. We find that the 50
end of U1 snRNA, which binds to the intronic 50 splice site in
the early stages of the splicing reaction, is at the surface of
the spliceosomal cavity, as is U5 snRNA loop I. The predicted
arrangement shares some features with the in vitro assembled
B-complex (Will and Luhrmann, 2011). Thus, the 50 end of U2
snRNA, which is located near protein SF3b49, is positioned in
our model near the region attributed to the 50 end of U4 snRNA
and therefore also near the segment of U6 snRNA that shifts
contacts to U2 snRNA. Another segment of the U2 snRNA,
between nucleotides 30 and 40, was shown to bind to the
intron branch site together with protein p14 (Golas et al.,
2003), requiring an open conformation of SF3b that exposes
p14. Our model includes the closed form of SF3b with one
valve adjusted to U4/U6.U5 tri-snRNP. The other valve can
move to occupy an unassigned nearby density region and
expose the density protrusion assigned to p14 to the spliceo-
somal cavity.
For splicing complexes assembled in vitro, the modulation of
RNA-RNA interactions in the activated B-complex, as compared
with the B-complex, is accompanied with changes in composi-
tion. Thus, the U6 snRNA segment that binds to U4 snRNA in
the B-complex, binds near the 50 end of U2 snRNA in the
activated B-complex, leading to release of U4 snRNP (Will and
Luhrmann, 2011). However, U4 snRNP was found associated
with catalytically active native spliceosomes and supraspliceo-
somes (Azubel et al., 2006; Sperling et al., 2008), indicating
that the significant conformation changes in the U2 and U6
snRNAs, and possibly U4 snRNA, which destabilize the base-
pairing interactions of U4/U6 snRNAs, do not require release of
U4 snRNP from the spliceosome. The above-mentioned struc-
tural changes in the U6 snRNA also facilitate its interaction
with the 50 end of the intron; U1 snRNA at this stage would be
only weakly associated with the rest of the spliceosome, and
in vitro it is released (Will and Luhrmann, 2011). We find that
U1 snRNP is close to the outer surface of the spliceosome and
it may be released; yet, like U4 snRNP, U1 snRNP was found
to be part of the active native spliceosome and supraspliceo-
some (Azubel et al., 2006; Sperling et al., 2008). The resolution
of our model is limited; for example, we cannot distinguish
between the in vitro B-complex and activated B-complex formed
by rearrangement of the RNA-RNA contacts. The accuracy of the
model is affected mostly by the resolution of the EMmaps and of
the experimental contact data. For example, SF3b has an
approximately circular center with many small protrusions; its
position within the spliceosome is similar in all our models hence
its orientation is determined by the position of SF3b49. In
contrast, the translational grid interval and the clustering limit
(13 A˚) are very fine relative to the size of the spliceosome and
are not likely to affect the accuracy. Experiments for direct local-
ization of U snRNP components within the native spliceosome
are planned for validation of the model.
In summary, although we tested thousands of conformers and
millions of possible configurations, and despite the low resolu-
tion of the structures, we obtained a single biologically relevant
model of the arrangement of the five U snRNPs within the
native spliceosome. Based on the model presented here, we
can conclude that the native spliceosome can accommodate1104 Structure 20, 1097–1106, June 6, 2012 ª2012 Elsevier Ltd All riall five snRNPs, leaving free volume for the additional spliceoso-
mal components, and allowing for local conformation changes.
Furthermore, the functional domains of the snRNPs form
a continuous region that lines the surface of the deepest part
of the large spliceosomal cavity, thereby providing a sheltered
environment for the pre-mRNA binding and for the splicing
reaction.
EXPERIMENTAL PROCEDURES
A stepwise model building approach was used in this study, starting with the
largest substructures, which would fill up most of the volume of the native spli-
ceosome and limit the search volume for the smaller substructures. In each
step the position of the assembled complex within the native spliceosome
was refined and, where possible, the growing complex was validated by dock-
ing of its components. Furthermore, in each step the inter-component interac-
tions were tested against the available experimental findings.
Converting EM Maps into 3D Objects
EM maps were downloaded from the EM database (Henrick et al., 2003) or
kindly provided by the research groups. The maps were converted into lists
of virtual atoms as previously described (Frankenstein et al., 2008). The virtual
atoms lists could be split into domains to be used in the FitEM2EM matching
and docking tools or converted into an elastic networkmodel to be used by the
NMA tool. The electron density thresholds were determinedmanually tomatch
the published structural features.
Rigid Body Matching and Docking
Matching and docking were performed with our in-house tools FitEM2EMIN
and FitEM2EMOUT, which match and dock low resolution structures using their
shape attributes (Frankenstein et al., 2008). These tools evaluate the surface
similarity between two EM objects by calculating correlation scores. Thus,
higher positive scores indicatemore extensive overlap of the surfaces and little
or no protrusions. The scores have arbitrary units and depend on the grid
interval used in the scan; hence, only scans with the same grid interval can
be significantly compared (Kowalsman and Eisenstein, 2007). The surface
thickening and smoothing feature in FitEM2EM is controlled by the surface
extension parameter w, which is measured in units of grid interval, and whose
value can be predicted from the resolutions of the EM maps (Frankenstein
et al., 2008). Yet, w settings within 0.3 units of the predicted value confer
distinction between correct and false models, and therefore several values
of w, within the 0.3 units limit, were used in this study. The predicted w + 0.3
were consistently used in the matching of normal modes conformers (see
below). The translational grid interval was based on the grid interval of the
experimental EMmaps and the rotational grid interval was set to 12 (Franken-
stein et al., 2008).
Weighted Matching
Weighted matching scans were conducted only for the small U1 snRNP.
Weighted scans reward interface contacts that were detected by other means,
thereby increasing the fraction of solutions that are in accord with the external
data, and elevating their ranks (Ben-Zeev and Eisenstein, 2003). The extra
weight given to the relevant surface grid points was set to 0.5, thus contrib-
uting 1.5 to the matching score per overlapping grid point instead of 1. The
weight parameter was determined empirically; it was made large enough to
significantly increase the score of likely models without interpenetration of
the docked objects.
Refinement and Clustering
In each modeling step the acceptable matches were refined (Eisenstein et al.,
1997). Starting from the predicted pose, small rotations about the x, y and
z axes were performed in steps of ± 3 up to a limit of ± 12. Refined poses
were clustered based on the root mean square deviation (RMSD) between
the models. A cluster contained models with pairwise RMSDs below 13A˚,
a limit determined by comparing sets of NMA models, as described below.
Each cluster was represented by the highest scoring model within it.ghts reserved
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The DifferenceGrid tool calculates the difference between the grid representa-
tions of the matched objects and provides an estimate of the remaining free
volume (Frankenstein et al., 2008). Matching another substructure into the
difference map produces models of a complex that consists of the previously
matched (and subtracted) substructure and the one matched to the difference
map. For example, matching SF3b into the difference map between the
native spliceosome and the U4/U6.U5 tri-snRNP produced models of the
U2-SF3b.[U4/U6.U5] complex. The surface complementarity between
the components in the new complex was further evaluated by docking with
the FitEM2EMOUT tool, testing small angular deviations from the predicted
matching pose, in steps of 3, up to a limit of ± 12. Translational deviations
up to 13A˚ from the starting pose were accepted.
Representing Gross Structural Modifications
We used the ElNemo web server (Suhre and Sanejouand, 2004) to obtain
conformational snapshots. The elastic network model depends on a preset
cutoff distance between atoms, or virtual atoms as in our study, and suitable
cutoffs were determined for different EM map resolutions (Tama et al.,
2002). We tested cutoff distances within these ranges, just above the range
or just below it, and found that similar ensembles of conformers were
produced with RMSD below 7 A˚ between corresponding conformers.
The ‘‘Conformer Selection’’ Scheme: Combining Gross Structural
Modifications with Rigid Body Matching
Matching of all the NMA conformers to the native spliceosome using exhaus-
tive 3D FitEM2EMIN scans is computationally impractical and therefore a new
procedure was devised that consisted of rigid body matching of the largest
rigid domain to the target entity, superposition of the ensemble of NMA
conformers on each of the high-scoring rigid-body matching poses and eval-
uation of the shape complementarity to the target entity. This fast procedure
consists of the following main steps:
(1) Creating ensembles of conformers using NMA. The NMA calculations
provide the directions ofmotions but not their amplitudes.We therefore
selected several snapshots along the trajectory of each mode or
bimode, applying incremental perturbations until sterical clashes
between themobile domainswere observed or their structures became
significantly distorted. Distortions were detected by computing the
RMSD between the individual domains in each snapshot and in the
unperturbed structure. Snapshots with RMSD % 13A˚ were retained
as they preserved the domains shapes. This RMSD limit was also
used inmodel clustering. Sterical clashes between themobile domains
were detected using the DifferenceGrid tool. Snapshots with domain
overlap below 1% of the volume of the smaller domain were accepted.
(2) Dividing subcomplexes into rigid domains. U5 snRNP, U4/U6.U5 tri-
snRNP, and BDU1 consist each of two large domains, whose observed
relative rigid body motions (Boehringer et al., 2004; Sander et al., 2006)
are supported by our NMA results. These subcomplexes were divided
into ‘‘head’’ and ‘‘body’’ domains, which were assumed to be rigid in
the subsequent computations. In every case the body domain was
considerably larger than the head domain.
(3) Matching of the body domain. Several rigid bodymatching scans of the
body domain into the larger entity were performed using different w
settings. The distributions of scores followed an extreme value distri-
bution (Levitt and Gerstein, 1998) allowing estimate of the mean score
(m) and the standard deviation (s). Only matches with score exceeding
m + 0.5s were considered in the next step. In the SF3b case the whole
particle was used for rigid body matching. Only a small number of
poses with positive score were obtained and all were considered in
the next step.
(4) Selecting the best matching conformers. Each conformer (NMA snap-
shot from step 2) was placed within the larger entity by superposing
its body domain onto each of the matching poses produced for the
unperturbed body domain in step 3. In the SF3b case, the whole
particle was used for superposition. The complementarity between
each superposed conformer and the larger entity was evaluated with
FitEM2EMIN, which also provided the best relative translation.Structure 20, 10SUPPLEMENTAL INFORMATION
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